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(57) ABSTRACT

A system and bent-pipe transponder component for deter-
mining a location of an individual or object 1n three dimen-
sional space. The system includes a transmitter configured to
transmit a first wireless electromagnetic signal at a first
frequency and at least one transponder that 1s configured to
responsively emit a second wireless electromagnetic signal
having a second frequency that 1s frequency-shifted from the
first frequency. An included receiver detecting the first and
second wireless electromagnetic signals 1s configured to
provide an output of location information for the at least one
transponder. A bent-pipe transponder component may
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include a receiving antenna, an emitting antenna, and a
frequency shift stage comprising an oscillator and a first
mixer, with the frequency stage mixing a received first
wireless electromagnetic signal with the output of the oscil-
lator via the first mixer to produce the emitted second
wireless electromagnetic signal.
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1

RADIO FREQUENCY IDENTIFICATION
(RFID) SYSTEM FOR DETERMINING
LOCATION

BACKGROUND

Some fire departments may use accountability systems to
identify which firefighters are on-site at an incident and,
particularly, which are deployed within a building or struc-
ture. Such accountability systems track the status of fire-
fighters as present and/or as having entered and exited a
building; however, such systems are unable to provide
geolocation within a building. In order to track firefighters
within a building, additional technologies such as global
positioning systems (GPS), Wi-Fi1, and other wearable sys-
tems may be employed.

GPS systems are well-known and widely available. How-
ever, GPS signals rapidly deteriorate within a building,
which weakens the ability of this approach to determine the
location of an individual after entry. Alternately, wearable
Wi-Fi1 emitters may be used to advertise the location of an
individual. The reader will appreciate that Wi-F1 tracking
systems typically use trilateralization and/or triangulation to
determine the location of an emitter, where trilateralization
uses received signal strength or time-of-tlight to determine
the distance to an emitter and triangulation uses angle of
arrival to determine direction to an emitter, and that both
methods can require placing a set of distributed receivers
around a building at known or determined locations. How-
ever, 1t 1s often time consuming to distribute receivers
around a building at previously determined locations and/or
to determine the position of a newly selected location. Thus,
this approach may not be practical during an urgent situation
such as a fire.

Inertial systems using doubly integrated accelerometer
data may track and report movement away from a starting
point. However, the localization accuracy of an inertial
tracking system decreases over time due to accumulated
errors, even during periods when an individual remains
stationary. Thus, this approach may not be practical since the
staring location of each firefighter would have to be the same
or otherwise known, and the reported location of each
firefighter would become less and less accurate over time.

Finally, through-the-wall radar systems have been used to
locate targets behind walls and inside buildings. However,
these radar systems frequently lack the ability to discern a
target, such as a firefighter or other first responder, from
background objects and clutter, such as furniture, debris,
lumber, or thick vegetation. This 1ssue 1s further exacerbated
at distances of about forty meters or more from the radar
system transceiver, so that this approach may be unusable
for large and/or densely stocked structures such as ware-
houses and factories, or even smaller structures for which
there 1s limited access and/or a need to maintain a large
standodl distance.

Accordingly, there 1s a need for a reliable, accurate, and
economical system for determining the location of individu-

als within mixed environments that include buildings or
other structures.

SUMMARY

A first embodiment 1s a system for tracking individuals 1n
three dimensional space, and providing an output. The
reader will appreciate that although a system for tracking
firefighters or other first responders 1s described, the disclo-
sure 15 not limited to this specific application. Indeed, the
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2

disclosed systems and methods may be used in other
embodiments for tracking objects, such as equipment, within
three dimensional space. In still other embodiments, the
system may be used for monitoring the location of a nomi-
nally fixed location, such as a wall or ceiling of a building,
within three dimensional space.

The system can include a transmitter that transmits a first
wireless electromagnetic signal, such as a pulsed signal, a
frequency modulated continuous wave, and/or an orthogonal
frequency division multiplexed signal, 1n the radio or micro-
wave Irequency range.

The system can also include a number of transponders
that may be secured to individuals, (and/or, 1n other embodi-
ments, objects other than people and nominally fixed loca-
tions). The reader will appreciate that although multiple
transponders are described, “a number” may include only
one transponder, and the plural “transponders™ will be used
to refer to one or more transponders throughout this appli-
cation. The transponders are configured to receive the first
wireless electromagnetic signal and to responsively emit a
second wireless electromagnetic signal, such as the same
pulsed signal or frequency modulated continuous wave, 1n
the radio or microwave frequency range. Each transponder
includes a frequency shiit stage such that the second wire-
less electromagnetic signal 1s responsively emitted at a
different frequency relative to that of the first wireless
clectromagnetic signal. In other embodiments, each tran-
sponder may be configured to emit the second wireless
clectromagnetic signal at a different frequency relative to
that of the first wireless electromagnetic signal and the
frequencies of the second wireless electromagnetic signals
emitted by the other transponders.

The system can further include a receiver that detects and
processes the second wireless electromagnetic signals emit-
ted by the transponders. The receiver has an array of antenna
clements distributed across a three dimensional volume of
space. In some constructions, the recerver may be at the
same location as, and physically coupled to, the transmutter.
In other constructions, the receiver may be separated from,
but operatively coupled to, the transmitter. The physical or
operative coupling of the receiver and transmitter provides
an mput to the receiver for time-of-flight information con-
cerning the first wireless electromagnetic signal, where such
iput 1s used with a respective second wireless electromag-
netic signal to determine the distance to a respective tran-
sponder.

The recerver provides an output of location information
for the number of transducers. The output may be a visual or
representative output on a display screen that shows the
location of individual responders relative to each other
and/or a building and/or geographic indicators such as
streets or geographic information system (GIS) data. For
example, the recerver may include the display screen, with
the output being the displayed visual or representative
output. The output may alternately be data, including the
location 1information, that 1s transmitted to a remote device.
For example, the receiver may transmit location information
to an application executing on a tablet device, a mobile
phone, a desktop computer, a laptop computer, or the like
that displays the visual or representative output.

By emitting a frequency-shifted response signal, each
transponder can be easily 1dentified by the receiver as being
distinct from the emissions of the transmitter and back-
scattered reflections of the first wireless electromagnetic
signal. Each transponder may, in some constructions, be a
solely analog transponder and lack any digital electronics,
digital processing circuitry, digital signal processors, or the
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like. Thus, each transponder may be considered a “dumb”
transponder that does not attach or append any signals,
stored data, or identification information to the emuitted
response signal, and 1nstead merely repeats the transmitter’s
signal as a frequency-shifted response signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 graphically illustrates exemplary, trilateralization-
based and triangulation-based methods for determining the
location of an individual on a two dimensional plane.

FI1G. 2 1s a schematic illustration of an embodiment of the
disclosed system.

FIG. 3 1s a schematic illustration of an exemplary tran-
sponder.

FI1G. 4 1llustrates 1nsertion loss and 1solation for a receive-
side Surface Acoustic Wave filter of an exemplary transpon-
der of the system.

FIG. § illustrates insertion loss and 1solation for an
emitting-side Surface Acoustic Wave {filter of an exemplary
transponder of the system.

FIG. 6 illustrates 1solation for a receive-side coaxial-
cable-based resonant filter of another exemplary transponder
of the system.

FIG. 7 illustrates a resonator unit of a recerve-side
coaxial-cable-based resonant filter of the exemplary tran-
sponder of FIG. 6.

FIG. 8 1s a schematic diagram of a first working example
of such a transponder.

FIG. 9 1s a time-averaged power spectral density plot of
received and emitted signals 1n the working example of FIG.
8.

FIGS. 10A and 10B are a schematic diagram of a second
working example of such a transponder.

FIG. 11 1s a time-averaged power spectral density plot of
received and emitted signals 1n the working example of
FIGS. 10A and 10B.

FIG. 12 1s an exemplary housing and form factor for such
a transponder.

FIG. 13 1s an exemplary receiver antenna arrangement.

DETAILED DESCRIPTION

Stated simply, the goal of any tracking system 1s to find
the location of one or more targets from one or more
reference points. At a simple level, FIG. 1 illustrates a
method of locating a target positioned at known distances
from a set of observation points commonly known as
trilateralization. The location of each observation point (X
symbol) 1s known, while only the target’s distance from each
observation point 1s known. With respect to each individual
observation point, the target could be located anywhere on
the respective circular boundaries shown i FIG. 1. Com-
bining the information from at least three differently-located
observation points adds additional constraints that limit the
possible locations to a single location where all three cir-
cular boundaries intersect (marked by an X symbol). Trilat-
cralization forms the basis of many terrestrial radio naviga-
tion systems. While it 1s diflicult to illustrate, one can
imagine a three dimensional system where, instead of being
on respective circular boundaries, the target could be located
anywhere on respective spherical boundaries centered on the
respective observation points. Combining the information
from at least four differently-located observation points
limits the possible locations to a single location where all
four spherical boundaries mutually intersect in three dimen-
sional space. This approach forms the basis of systems like
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the Global Positioning System, although this 1s a gross
oversimplification of the technical details of that system.
Another method of locating a target, where only the target’s
direction from at least two such observation points 1s known,
1s commonly known as triangulation, where, with respect to
cach imndividual observation point, the target could be located
anywhere on the respective rays shown i FIG. 1. If an
observation point can determine both direction and distance,
then 1t 1s possible to track a target using only a single
observation point, which can be a significant advantage for
reasons such as simplicity, budget, or availability of space
and/or equipment. This approach forms the basis of early
radar systems. However, practical systems are only able to
discern a target’s distance and/or direction within certain
accuracies. Accordingly, multiple direction-and-distance
determining observation points are sometimes used 1n
hybrid methods broadly described as “triangulateration.”

A wireless electromagnetic signal propagates through free
space at ¢ (~3x10® meters per second). By measuring the
“time-of-tlight” of the electromagnetic wave, 1.¢., the time 1t
takes a portion of the wireless electromagnetic signal propa-
gating from a source to reach a receiver, the distance from
the source to that recerver can be calculated by the simple
relationship d=t*c, where d 1s distance and t 1s time. For
radar systems, where the target 1s a quasi-source that retlects
or echoes a transmitted wireless electromagnetic signal, this
technique 1s called pulse-delay ranging. The complication of
measuring distance 1s that the receiver needs to know, at a
minimum, when the pulse was 1nitially transmitted from the
actual source. This can be relatively simple in single obser-
vation point systems such as radar systems, where the
transmitter and receiver can be co-located and thus share a
signal source. However, 1n multiple observation point sys-
tems, each observation point, and also the target in some
cases, has a separate signal source, and those signal sources
must use clock synchronization or other techniques beyond
relative locks to a recerved waveform to permit unambigu-
ous calculations of distance. Wireless electromagnetic signal
propagation can also be used to determine direction from a
receiver to a source. Traditionally this would be done using
a highly directional (narrow beamwidth) antenna that is
mechanically rotated about a tracking area. Alternately,
multiple ommdirectional or near-omnidirectional receiving
antennas could be disposed 1n an array. Phased array anten-
nas can be constructed using analog phase shifters for each
antenna element and a combiner circuit that combines the
phase shifted signals from each element. The relative phases
of the antenna elements are varied by the phase shifters to
sweep the look direction 1n the same manner that a mechani-
cally rotated directional antenna would. A non-phased array
antenna and system may instead separately analyze the
signals from each antenna element to detect differences 1n
the received phase, such as by performing an element-by-
clement, sequential phase analysis or electronically sam-
pling the signals received by each antenna element, rather
than steering the array look direction, effectively determin-
ing the direction of the received signal through minor
differences 1n the time-of-flight to the individual antenna
clements of the array.

The disclosed systems and methods are distance-and-
direction-based technologies for tracking individuals
(through a worn object), other objects, and/or nominally
fixed locations in three dimensional space. With 1nitial
reference to FIG. 2, the system includes a transmitter 100
that transmits a first wireless electromagnetic signal 110.
The system also includes a number of transponders 120
configured to recerve the first wireless electromagnetic sig-
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nal 110 and, i response, emit a second wireless electro-
magnetic signal 150. Fach transponder 120 may be a so-
called-“bent-pipe transceiver,” meaning that the transponder
includes a frequency shiit stage that re-transmits received
signals at a diflerent frequency, such that the second wireless
clectromagnetic signal 150 1s responsively emitted by the
transponder at a different frequency relative to that of the
first wireless electromagnetlc signal 110. The system further
includes a recerver 170 that detects and processes the second
wireless electromagnetic signals 150 emitted by the tran-
sponders 120 to determine a distance, azimuth or horizontal
angle, and relative elevation or vertical angle between the
receiver and the respective transponders 120.

The transmitter 100 transmits the first wireless electro-
magnetic signal 110 1n the radio or microwave frequency
range. The transmitter 100 may transmit the signal at a
frequency that can penetrate through buildings and other
structures. In one case the transmitter 100 broadcasts 1n a
frequency range between about 200 MHz and about 12000
MHz (including UHF, L band, S band, C band, and/or X
band frequencies; for open-air and outdoor environments),
or in another case a frequency range between about 200
MHz and about 1000 MHz (principally UHF frequencies;
for developed environments), and in one particular case a
frequency range of between about 420 MHz and about 450
MHz. The later represents a band that the United States
Federal Communications Commaission has allocated to radio
location systems. The transmitter 100 may broadcast omni-
directionally 1n a range of power outputs, such as up to about
1 Watt in one construction. Greater power outputs may be
used 1n open-air and outdoor environments. The transmitter
may include a Field-Programmable Gate Array (FPGA), or
other suitable mtegrated circuit such as an ASIC or Digital
Signal Processor, for signal generation.

The first wireless electromagnetic signal 110 may in some
cases comprise a pulsed signal and in other cases may
comprise a frequency modulated continuous wave (FMCW)
For a pulsed signal, the signal must be cycled on and off over
an interval. The recerver 170, discussed in detail below, then
determines the time delay from when the transmitter 100
transmitted a particular pulse of the first wireless electro-
magnetic signal 110 (with transponders 120 receiving and
responsively emitting a frequency-shifted second wireless
clectromagnetic signal 150) and the receiver received a
corresponding pulse of the second electromagnetic signal(s)
150 from the transponders 120, e.g., by comparing the start
or end times of reception of the respective signals. While the
delays between pulses may be reduced depending upon the
desired maximum range of the system, a fixed-frequency,
non-encoded signal must be pulsed because otherwise only
the relative phase of the electromagnetic signals 110, 150
can be determined and the absolute distance of each tran-
sponder 120 will remain unknown. In contrast, for a FMCW
signal 110, a continuous wave signal has a frequency that 1s
continuously swept across a first frequency band, 1.e.,
between a lower bound of the first frequency band and a
different, higher bound of the first frequency band. The
receiver 170 then determines the time delay from when the
transmitter 100 transmaitted the first wireless electromagnetic
signal 110 at a particular frequency within the first frequency
band (with transponders 120 receiving and responsively
emitting a frequency-shifted, frequency-modulated second
wireless electromagnetic signal 150) and the receiver
received a second wireless electromagnetic signal 150 with
a corresponding, frequency-shifted frequency within a sec-
ond frequency band, 1.e., a corresponding Irequency
between a lower bound of the second frequency band and a
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different, higher bound of the second frequency band. For
example, the first frequency band may span 10 MHz, e.g.,

from 420 to 430 MHz, and the second frequency band may
span 10 MHz, e.g., from 435 to 445 MHz, or, if the
transponders 120 include different frequency shifts as
described below, may span 15 MHz, e.g., from 4335 to 450
MHz, with individual transponders operating within some
but not all of the second frequency band. The FMCW signal
110 offers the advantage that tracking may be continuous
and that a comparatively large number of samples may be
collected within a given time interval, allowing for errors to
be averaged out and for an increase in the accuracy of an
output of distance and direction. In addition, transmission
hardware can be simplified by not having to pulse the first
wireless electromagnetic signal 110, and receiving hardware
may be able to detect diflerences 1n frequency more accu-
rately than differences 1n phase. Finally, depending upon the
bandwidth of the first (and, correspondingly, second) fre-
quency band, the system may be more resistant to sources of
interference and multipath behaviors at specific frequencies.

The first wireless electromagnetic signal 110 may also
comprise an orthogonal frequency division multiplexed
(OFDM) signal. Such a signal 110 includes a plurality of
sub-carriers which are distributed within a passband band-
width of the complex OFDM signal (“orthogonally™ such
that the sub-carrier spacing 1s equal to the reciprocal of a
symbol period). Advantageously, multipath eflects associ-
ated with environmental obstructions or retlections will tend
to aflect each sub-carrier differently, such that some sub-
carriers may experience relatively low multipath interfer-
ence while others may experience relatively high multipath
interference or so-called “deep fading.” By initially trans-
mitting and, as described below, subsequently re-emitting a
frequency-shifted version of an OFDM signal, the system
may more accurately estimate the distance, azimuth, and
relative elevation between the receiver and transponders
120, for example, by averaging across individual sub-car-
rier-based estimates so as to decrease RMS error in an
averaged estimate.

Upon receiving the first wireless electromagnetic signal
110, the transponders 120 responsively emit the second
wireless electromagnetic signal 150 1n the radio or micro-
wave Irequency range. The transponders 120 may be
unpowered devices such as so-called “passive” radio Ire-
quency identification (RFID) devices 1in one construction.
However, as shown 1n FIG. 3, the transponders 120 may be
seli-powered devices, e.g., so-called “active” RFID devices,
that include the aforementioned frequency shiit stage, 126,
as well as a plurality of antennas (exemplary receiving
antenna 122 and emitting antenna 138 are shown), a battery
132, and a signal amplifier 136. Such self-powered devices
may advantageously emit the second wireless electromag-
netic signal 150 with suflicient power to ensure propagation
through buildings and other structures. The transponders
120 may emit omnidirectionally 1n a range of power outputs,
such as up to about 0.1 Watt 1n one construction. The
transponders 120 may emit at greater power outputs (after
considering filter and amplifier limitations, power consump-
tion/runtime requirements, and electromagnetic radiation
safety concerns ), however, the first wireless electromagnetic
signal 110 may be significantly attenuated by intervening
walls, equipment, and objects, so that the transponders
should be able to detect a such a signal at just above the
noise floor and amplily that signal within a wearable,
compact, and lightweight device. Amplification to ~+10
dBm (with just over 100 dBm gain) permits the use of
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ofl-the-shell gain stages while maintaining reasonable size,
weight, and emitter performance.

The frequency shiit stage 126 receives signals such as the
first wireless electromagnetic signal 110 and re-transmuits
them at a different frequency, such that the transponder 120
emits a signal, including the responsively emitted second
wireless electromagnetic signal 150, at a different frequency
than that of the received signals. With respect to the first
wireless electromagnetic signal 110, the emission of a fre-
quency-shifted second wireless electromagnetic signal 150
allows the transponders 120 to function as beacons and be
tracked in cluttered and lossy indoor environments. The
transponders 120 may emit at a comparatively different
frequency than non-moving or slowly moving environmen-
tal responses to the first wireless electromagnetic signal 110,
distinguishing the second wireless electromagnetic signal(s)
150 from single- and multi-path reflections of the former
signal. For example, the frequency shiit stage 126 may shift
the emitted signals by about 3, 10, or 15 MHz or more from
the received signals. The reader will appreciate that the
frequency shift may be quite small, as small as about 0.1%
in some cases or less than about 1% 1n other cases, or less
than about 10% 1n yet other cases. There are several advan-
tages to keeping the frequency shift relatively small. First,
the frequency range for the transmitter 100 may be selected
to provide desirable properties for signal propagation, such
as the ability to penetrate through buildings. By ensuring
that the frequency range of the signal emitted by the tran-
sponders 120 1s different than but close to the frequency
range of the signal transmitted by the transmitter 100, those
desirable signal propagation qualities can be maintained.
Secondly, 1n some cases only certain frequency bands are
available or approved for use. Thus the use of other similar
frequencies can help to ensure that the entire system oper-
ates within a relatively narrow band of frequencies approved
for use, making approval of use and compliance with
operating restrictions easier.

In one construction, the frequency shiit stage 126 includes
a oscillator 128 and a first mixer 130, whereupon the stage
mixes recerved signals with the output of the oscillator via
the first mixer to re-transmit a frequency downshifted or
upshifted signal. Accordingly, the transponders 120 may be
purely analog transponders and lack any digital electronics,
digital processing circuitry, digital signal processors, or the
like. Other constructions, including constructions using digi-
tal signal processors to analyze the first wireless electro-
magnetic signal 110 and to digitally construct the second
wireless electromagnetic signal 150, will be apparent to
those of skill in the art. However, the disclosed “analog”
transponders have the advantage that they may be used with
any transmitter 100 that transmits within an appropriate
frequency range, regardless of signal type, and need not
understand or be updated to understand different or new
signal schemes. Each transponder 120, via the oscillator
128, may be configured to emit the second wireless elec-
tromagnetic 150 signal at a different frequency relative to
that of the first wireless electromagnetic signal 110 and the
frequencies of the second wireless electromagnetic signals
emitted by the other transponders. In one construction, the
oscillator 128 may be a resistor-set adjustable oscillator,
although other types of adjustable oscillator will be apparent
to those of skill 1in the art. In one construction, the oscillator
128 may be a pluggable module, such that diflerent oscil-
lators may be substituted to provide diflerent frequencies
relative to that of the first wireless electromagnetic signal
110 and the frequencies of the second wireless electromag-
netic signals emitted by the other transponders. For example,
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cach transponder 120 may provide a shiit in frequency
including a base shift, e.g., 10 MHz from the transmitted
frequency, and an incremental shift, e.g. 5 or 10 kHz, from
the emitted frequencies of others of the plurality of trans-
ducers. The different-frequency second wireless electromag-
netic signals allow individual transponders 120, and there-
fore individual persons or objects, to be tracked through the
emitted frequency corresponding to that specific transpon-
der. Although a difference of 5 kHz can provide some
overlap in the emitted signals, different signals are able to be
identified by the receiver 170.

The plurality of antennas, e.g., receiving antenna 122 and
emitting antenna 138, may take various forms. A (first
construction may use patch antennas. A second construction
may use a spiral antenna, such as a compact, PCB-borne
spiral antenna disclosed in Compact Spiral Antenna for
Space Based Applications, Antennas and Propagation Soci-
ety International Symposium (APSURSI), IEEE 2014 (DOI
10.1109/APS.2014.6905180), developed by Kevin Zack et
al. Separate receiving 122 and emitting 138 antennas may be
disposed on opposite sides of a multilayer PCB containing
a layered ground plane and vias to mimimize inter-antenna
coupling. A third construction uses two concentric patch
antennas operated 1n a differential configuration. A fourth
construction uses conventional monopole antennas. The
referenced patch and spiral antennas are at least somewhat
directional, and as a result the transponders 120 may include
multiple antennas that may be disposed, for example, dor-
sally and ventrally on an individual, or the system may use
multiple transponders disposed, for example, dorsally and
ventrally on the individual. The referenced monopole anten-
nas are omnidirectional, but frequently require that the
transponder 120 include a projecting antenna rather than an
internally-housed antenna.

The transponders 120 may include a recerve filter 124 that
limits the received signals to a set frequency range encom-
passing the first wireless electromagnetic signal 110. The
receive filter 124 may remove undesired sources of inter-
ference and ensure that the transponder 120 does not oscil-
late due to 1ts own emissions. The transponders 120 may also
include an emission filter 134 to block undesired emissions
and/or further reduce the potential for the transponder to
oscillate due to its own emissions. In systems with both high
gain (e.g., the exemplary 100 dBm gain mentioned above)
and closely spaced transmitter and emitter frequencies, there
should be a comparable degree of 1solation between the
receiving side and the emitting side, otherwise portions of
the emitted signal may be the strongest signal passed to the
frequency shiit stage 126, and the transponders 120 may
oscillate rather than function as bent-pipe transceivers. For
constructions in which the frequency shiit 1s relatively large,
e.g., from a transmitting frequency of ~400 MHz to a
frequency-doubled emitted frequency of ~800 MHz, the
filters 124, 134 may include chip capacitors and inductors
arranged to form a 3-5 pole discrete filter. However, for
constructions i which the frequency shift 1s relatively
small, the filters 124, 134 may include a high Q-factor filter
(where the Q factor=the filter center frequency divided by
the bandwidth passed by the filter). The receive filter 124
should have considerable attenuation at the emitting fre-
quency of the transponder 120. Because the frequency shait
stage 126 and signal amplifier 136 will amplily system
noise, the emission filter 134 should have considerable
attenuation at the transmitting frequency of the transmitter
100.

In one construction the filters 124 and 134 include so-
called Surface Acoustic Wave (SAW) filters. In the case of
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the receive filter 124, a SAW filter may provide, for
example, a 10 MHz passband centered at 425 MHz, 3-5 dB

insertion loss in the passband, and >40 dB rejection outside
the passband. FIG. 4 illustrates the performance of a proto-
type, exemplary SAW filter, while SAW filters are available
for other frequency ranges. In the case of the emission filter
134, another SAW filter may be used to provide a filter with
a 15 MHz passband centered at 442.5 MHz, 3-7 dB 1nsertion
loss 1 the passband, and >40 dB rejection outside the
passband. FI1G. 3 illustrates the performance of a prototype,
exemplary SAW filter, while, again, SAW filters are avail-
able for other frequency ranges. Multiple filter elements may
be cascaded to meet attenuation/rejection requirements, and
amplifier elements may be inserted between such filters to
mimmize amplifier compression and noise. Surface-Skim-
ming Bulk Wave SAW filters may be particularly suitable for
the transponders 120, since they have decreased suscepti-
bility to filter substrate impurities, have lower losses, and are

less susceptible to temperature effects than traditional SAW
filters.

In another construction, the filters 124 and 134 include
coaxial resonator filters. In the case of the receive filter 124,
a seven-resonator, chip capacitor-coupled coaxial filter may
provide, for example, a 10 MHz passband centered at 425
MHz, low insertion loss 1n the passband, and exponentially
increasing rejection outside the passband (>20 dB at 435
MHz). FIG. 6 illustrates the performance of a prototype,
exemplary filter, while coaxial resonator filters are available
for other frequency ranges. In the case of the emission filter
134, another such filter may provide a 15 MHz passband
centered at 442.5 MHz. As with SAW filters, multiple filters
clements may be cascaded to meet attenuation/rejection
requirements, and amplifier elements may be 1nserted
between such filters to minimize amplifier compression and
noise. Alternately, a single filter may be tuned using a
parallel, adjustable capacitance to alter each resonator’s
resonant frequency to improve rejection. The reader will
appreciate that coaxial resonator filters may alternately be
formed using lengths of coaxial cable, with the cable being
s1zed to V4 of the passband-centered wavelength (and short-
circuited at one end to form a quarter wavelength resonator)
or 2 of the passband-centered wavelength (and left open at
one end to form a half wavelength resonator), however those
clements will be physically larger (e.g., ~4.5 inches for the
420-450 MHz frequency band 1n quarter wavelength mode,
~9 1nches 1n half wavelength mode) and losses will be
higher. In order to reduce the areal extent of the filter,
fine-diameter coaxial cables may be coiled mto a helical
configuration. Since the performance of such coaxial-cable-
based resonator filters will be dependent upon variance
about the design length, the cable-based resonator may also
be tuned using a parallel, adjustable capacitance to alter the
cable’s resonant frequency and improve rejection. FIG. 7
shows an exemplary resonator unit 200 for a PCB-mounted
cable-based resonator. The unit includes a signal line 210, a
split 212 that interconnects the signal line 210 to a coaxial
cable 220 and adjustable capacitor 230, and first and second
ground planes, 240, 250, respectively. The center conductor
222 of the coaxial cable 220 1s connected to the split 212 and
the shield 224 1s connected to the first ground plane 240. The
adjustable capacitor 1s connected to the split 220 and the
second ground plane 250. First and second chip capacitors
214, 216 may be provided on the signal line 210 before and
alter the split 212 so that the unit may be tuned 1n 1solation
from the eflects of other such units 1n a multiple resonator
coaxial filter.
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Transponder Working Example 1

FIG. 8 1s a schematic 1llustration of a working example
300 of a transponder 120. The receive side of the transpon-
der includes an ultra-low noise amplifier 310 (Min1-Circuits
PMA2-33L.N+) which increases the gain of the signal
received by a receiving antenna 122 and reduces the sus-
ceptibility of the signal to amplifier-introduced noise. The

output of the amplifier 310 1s passed to a receive filter 124
which includes a series of SSBW SAW filters 320 (passing

the first frequency band) and wideband amplifiers 330 (NXP
Semiconductors BGA 2817) to provide further amplification
while reducing the effects of amplifier compression and
amplifier-introduced noise. The output of the receive filter
124 1s passed to a first mixer 130 (Mim Circuits ADEX-
10L+) where an adjustable oscillator 128 (Linear Technolo-
gies L1C1799) provides a 1 kHz to 33 MHz feed to the local
oscillator port. The frequency-shifted output of the first
mixer 15 passed to a emission filter 134 which includes a
series of SSBW SAW filters 340 (passing the second fre-
quency band) and wideband amplifiers 330 (NXP Semicon-
ductors BGA 2817) to provide emission amplification while
reducing noise transmitted around the emitted frequency.
The output of the emission filter 134 1s passed to a signal
amplifier 136 (Qorvo RF2637) that may include automatic
gain control so as to prevent unnecessary amplification and
consumption of device power. The reader will note that there
may be a final emission filter-like element to reject noise
potentially introduced into the signal by the signal amplifier
136. The output of the signal amplifier 136 1s otherwise
passed to the emitting antenna 138 for broadcast and recep-
tion by the receiver 170 of the system.

FIG. 9 1s a time-averaged power spectral density (PSD)
plot of the recerved and emitted signals of the transponder of
the working example of FIG. 8, simulated via a model n
National Instruments” AWR Visual Systems Simulator with
a thermal noise floor of —144 dBm to simulate one extreme
of the device’s dynamic range. The bottom, received signal,
at 425 MHz, 1s frequency shifted to 435 MHz with ~90 dB
of gain. Power detector and AGC control circuits may be
used to add up to 50 dB of additional gain via the Qorvo
RF2637 to achieve a steady +10 dBm output.

Transponder Working Example 2

The transponders 120 may include an intermediate fre-
quency (IF) stage 140 so that existing commercial filters
may be used. Also, since Q factor 1s a measure of fractional
bandwidth, 1t 1s frequently possible to for a given filter
technology to achieve a narrower passband at lower pass-
band center frequencies. The intermediate frequency stage
may further include a pre-filter 142, which may be a low
Q-factor filter, to reject noise potentially itroduced nto the
signal by the IF stage 140 and prevent out-of-band (trans-
mission and emission band) signal emissions. With refer-
ence to FIG. 10, a working example 400 of another tran-
sponder 120 has a receive side that includes an ultra-low
noise amplifier 410 (Mini-Circuits PMA2-33L.N+), as oth-
erwise described in working example 1 above. The output of
the amplifier 410 1s passed to an intermediate frequency
stage 140 that includes a pre-filter 142 that may comprise a
series ol capacitors and 1nductors since strong 1solation of
the received signal 1s not yet required. The output of the
pre-filter 1s passed to the second mixer 144 (The interme-
diate frequency stage 140 includes a second mixer 144 (in a
subordinate, not sequential sense; Mini Circuits ADEX-

10L+) where a local oscillator 146 (e.g., 348.5 MHz refer-
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ence oscillator) provides feed to the local oscillator port. The
frequency-downshifted output of the second mixer 164 is

passed to a recerve filter 124 which includes a series of SAW
filters 420 (MuRata SF2038B) and wideband amplifiers 430
(NXP Semiconductors BGA 2817) to provide further ampli-

fication while reducing the eflects of amplifier compression
and amplifier-introduced noise. The output of the receive
filter 124 1s passed to a first mixer 126 (Min1 Circuits
ADEX-10L+) where an adjustable oscillator 128 (Linear
Technologies LTC1799) provides an 368.5 MHz feed (ad-
justable to lesser and greater frequencies to provide diflerent
emitted frequencies) to the local oscillator port. The ire-
quency-shifted output of the first mixer 126 1s passed,
without use of an emission {ilter 134, to a signal amplifier

136 that, 1n this construction, includes a series of wideband

amplifiers 430 (NXP Semiconductors BGA 2817s with a
final Min1-Circuits PMA2-33L.N+ to avoid signal compres-
sion). The reader will appreciate that, as in working example
1 above, a signal amplifier 136 including automatic gain
control could be substituted within the series. The reader
will note that there may be a final low-Q filter element to
reject noise potentially introduced into the signal by the
signal amplifier 136 and prevent out-of-band (transmission
and emission band) signal emissions. The output of the
signal amplifier 136 1s otherwise passed to the emitting
antenna 138 for broadcast and reception by the receiver 170
of the system.

FIG. 11 1s a time-averaged power spectral density (PSD)
plot of the recerved and emitted signals of the transponder of
the working example, again simulated via a model 1n Visual
Systems Simulator with a thermal noise floor of —144 dBm.
From the left hand side of the figure, the bottom, received
signal, at 425 MHz, 1s frequency shifted to the middle,
emitted signal, at 445 MHz with ~110 dB of gain. The top,
intermediate frequency signal 1s shown for reference, but not
significantly emitted by the transponder.

The reader will appreciate that the atoredescribed ampli-
fier and filter elements may be included 1n various orders and
combinations based upon a target frequency shift, a target
gain, a target 1solation between received and emaitted signals,
the performance characteristics of commercially available
versus custom components, and the like. The components
may be interconnected with coplanar waveguides or con-
ductor-backed waveguides so as to have an ~350 Ohm
impedance with line widths compatible with surface mount
components. For example, the working examples employ a
1.6 mm FR4 PCB with a 57.5 mil conducting track lin-
ewidth, 10 mil gaps to the return conductors, and 0.7 mail line
thickness to provide a 55 Ohm circuit that could be inter-
faced directly with discrete chip components. Coplanar
waveguides and conductor-backed waveguides also advan-
tageously allow for increased 1solation between the stages of
the transducer 120 due to the presence of return conductors,
the ground plane, and/or stitching vias.

The transponder electronics, potentially including the
antennas 122 and 138, are contained within a housing 160,
such the one shown 1n FIG. 12. The housing 160 should be
transparent to the radio and/or microwave frequency range,
based upon the frequencies of the first and second wireless
clectromagnetic signals, and may be constructed from fiber-
glass or nylon weave, for example. The battery 132 may be
a removable battery with a non-tflammable electrolyte chem-
1stry, such as LiFePO4 32650 cells or alkaline C and D cells.
The housing 160 may include a port 162 through which an
adjustable oscillator 128 may be set or a modular, pluggable
oscillator 128 may be substituted 1n order to set the fre-
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quency ol the emitted, second wireless electromagnetic
signal of the transponder 120.

The receiver 170 recerves and detects the response signals
emitted by the transponders 120. As noted above, the
emitted second wireless electromagnetic signals 150 are
frequency-shifted form the transmitted first wireless elec-
tromagnetic signal 110, making the response signals easy to
identify and enabling the transponders 120 to act as beacons.
In addition, as noted above, the response signals emitted by
cach transponder 120 may be unmiquely frequency shifted
relative to all of, or even only some of, the other transpon-
ders 1n the system, enabling the receiver to identily 1ndi-
vidual transponders and persons. The beacon-like quality of
the response signal emitted by each transponder 120 enables
the receiver 170 to 1dentity azimuth (or horizontal angle) of
the beacon/transponder, the relative elevation (or vertical
angle) of the beacon/transponder, and the time-of-tlight of
response signals emitted by the beacon/transponder.

The receiver 170, an example of which 1s shown 1n FIG.
13, includes at least three receiving antenna elements 172
arranged about a center point. A calibration antenna 174 may
be disposed proximate to the center point so that a sample
signal may be broadcast from the calibration antenna and
phase measurements taken at the recerving antenna elements
172. The reader will appreciate that the exemplary antenna
system may be used to identily the horizontal angles or
azimuths to the transponders 120 and the times-of-flight of
response signals emitted by the transponders, but not the
vertical angles of altitudes of the transponders. At least one
additional receirve antenna element 172 may be disposed
above or below the illustrated antennas to permait identifi-
cation of such vertical angles or altitudes. In one construc-
tion, the receive antenna elements may be configured as a
pyramid, e.g., a triangular, square, or higher-edge-num-
bered, regular or potentially irregular pyramidal arrange-
ment. In another construction, the receive antenna elements
172 may be configured as a bipyramid, e.g., a triangular,
square, or higher-edge-numbered, regular or potentially
irregular bipyramidal arrangement. In yet another construc-
tion, the receive antenna elements 172 may be configured in
two or more vertically-separated layers, with the layers
being arranged 1dentically, 1n a rotated aspect, or potentially
differently with respect to other layers. The arrangement of
the receiving antenna elements 172 1s used to triangulate or
triangulaterate the location of the transponders 120. The
calibration antenna 174 may be used to normalize any
variance 1n the receiving electronics of the receiver based
upon the known arrangement of receiving and calibration
antennas.

The receiver 170 may include a Field-Programmable Gate
Array (FPGA), or other suitable integrated circuit such as an
ASIC or Dagital Signal Processor, for signal analysis. By
measuring the overall phase delay between the transmitted
first wireless electromagnetic signal 110 and the emitted
second wireless electromagnetic signals 150, the distances
to the transducers 120 can be calculated. So long as the
placement of the transmitter 100 relative to the receiver 170
1s known, the difference 1in time-oi-flight of the first wireless
clectromagnetic signal 110 from the transmitter 100 to a
respective transponder 120 from the time-of-flight of the
second wireless electromagnetic signal 150 from the respec-
tive transponder 120 to the receiver 170 can be accounted for
and distance to the respective transponder identified. By
measuring the relative phase of respective second wireless
clectromagnetic signals 150 at each receiving antenna ele-
ment 172, at least an approximate horizontal angle or
azimuth to the respective transponder 120 can be identified.
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For example, as shown in FIG. 12, a vector drawn from the
receiving antenna 172a measuring the greatest phase shift to
the receiving antenna 1725 measuring the least phase shift
will point approximately toward the respective transponder.
Interpolation, or in arrangements such as the aforementioned
pyramidal, bipyramidal, or layered arrangements of receiv-
ing antennas 172, triangulation, triangulateration, or other
mathematical techmques based upon models of the arrange-
ment, may be used for to increase the accuracy of the
identified horizontal angle or azimuth and vertical angle or
clevation. In cases where the transmitted first wireless
clectromagnetic signal 110 and the emitted second wireless
clectromagnetic signals 150 comprise OFDM signals, such
methods may be applied to each of the plurality of sub-
carriers ol the second wireless electromagnetic signal 150
and simple averages of the estimated distance, azimuth or
horizontal angle, and relative elevation or vertical angle,
respectively, used to reduce the RMS error of the averaged
estimate. Alternately, the OFDM signal components may be
analyzed and any signmificantly delayed/obscured sub-carrier
signals rejected, with such methods being applied to the
remainder ol the plurality of sub-carriers of the second
wireless electromagnetic signal 150 so that qualified aver-
ages of the estimated distance, azimuth or horizontal angle,
and relative elevation or vertical angle are determined.

The recerver 170 may be operatively coupled to the
transmitter 100 (and, 11 not physically coupled to the trans-
mitter, programmed to determine or receive as an put the
distance between the two) so that the receiver can determine
and analyze time-of-flight information for wireless elec-
tronic signals emitted by each transponder 120; and in this
manner analyze the distance to the various transponders. For
instance, the recerver 170 and transmitter 100 may be
disposed upon the same vehicle, such as a firetruck, or upon
the same vehicle-towable carrier, such as a trailer. Alter-
nately, the receiver 170 and transmitter 100 may be coupled
to separate vehicles, to a vehicle and separable vehicle-
towable carrier, or to separate moveable carriers, such as
protective or so-called hard cases. When disposed upon the
same vehicle or towable carrier, the distance and relative
orientation of the receiver 170 and transmitter 100 may be
known and pre-programmed into the system, allowing the
system to determine and subtract time-of-flight of the first
wireless signal 150 from the transmitter 100 respective
transponders 120. When disposed on separate or separable
carriers, GPS locators may be used to locate and supply the
locations of the receiver 170 and transmitter 100 to the
system, or the system may be programmed to seli-determine
the distance and relative direction of the transmitter 100
from the receirver 170. Since each transponder 120 can be
relatively simple and analog, there 1s no (or very little) delay
for each transponder between receiving the wireless elec-
tromagnetic signals transmitted by the transmitter and emait-
ting 1ts own wireless electromagnetic signal in response.
Moreover, 1f there 1s any sort of delay, again since the
transponder can be analog and very simple, the delay can be
known and predictable, and can be easily accounted for in
time-oi-flight calculations. Thus, by determining the eleva-
tion, the azimuth, and the distance to the emitter of a
response signal, the location of each transponder 120 can be
determined 1n a three dimensional space.

The receiver 170 1s configured to produce an output that
may be commumicated to a human user 1 a variety of
manners. In one case the receiver 170 1s operatively coupled
to a display screen or an output device such as a tablet
device, a mobile phone, a desktop computer, a laptop
computer, or the like. In this case a 2-D (including a
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numerical representation of relative elevation) or 3-D rep-
resentation of the surrounding space may be provided and
displayed, and the position of each transponder 120 (and/or
the individual or item to which the transponder 1s attached)
also displayed relative to the surrounding space. The loca-
tions of transponders 120 relative to each other and/or the
building and/or other geographic indicators, such as streets
or GIS data, can be provided. The locations of each of the
transponders 120 may be displayed, or only certain operator-
selected transponders, based on their qualities/characteris-
tics (e.g., firefighters within a certain battalion; first respond-
ers other than firefighters or vice versa, firefighters showing
certain risk factors, or the like). Identifying information may
also be displayed; for example the name of each individual
may be displayed, or may be available for display 11 selected
by the operator.

A variety of public service and industrial occupations may
benellt from a tracking system capable of precisely tracking
the location and movement of various individuals or objects
in mixed ndoor/outdoor worksites. The present field-de-
ployable system specifically addresses the needs of tracking
personnel working in such mixed indoor/outdoor environ-
ments, and can increase the safety and efliciency of person-
nel working at such sites, especially 1n the case of critical
operations such as firefighting or first response. Individuals
can be alerted 1t they are entering an unsafe area; help can
be sent 1 an individual 1s determined to not be moving; and
the location of injured or incapacitated individuals can be
accurately reported in order to assist with rescue by others.

Having described the invention in detail and by reference
to the various embodiments, 1t should be understood that
modifications and vanations thereof are possible without
departing from the scope of the claims of the present
application.

What 1s claimed 1s:

1. A system for determining a location of an mndividual in

three dimensional space, the system comprising:

a transmitter for transmitting a first wireless electromag-
netic signal having a first signal frequency, wherein the
transmitter sweeps in frequency within a first frequency
band including the first signal frequency, wherein the
first wireless electromagnetic signal 1s transmitted
within the first frequency band selected to propagate
through a building and 1s transmitted at a power level
selected to propagate through the building and towards
the 1individual;

a plurality of wearable-transponders each configured to be
worn by a corresponding individual entering the build-
ing, wherein each of the plurality of wearable-transpon-
ders 1s configured, in response to receiving the first
wireless electromagnetic signal having the first signal

frequency from the transmitter, to emit a second wire-
less electromagnetic signal having a second signal
frequency that 1s frequency-shifted from the first signal
frequency, wherein the second wireless electromag-
netic signal comprises a frequency-shifted, repeated
version of the first wireless electromagnetic signal,
wherein the second signal frequency, at which each of
the plurality of wearable-transponders emaits 1ts respec-
tive second wireless electromagnetic signal, includes a
base frequency shiit and an incremental frequency
shift, wherein the incremental frequency shift 1s unique
to each of the plurality of wearable-transponders to
enable 1dentification of each of the plurality of wear-
able-transponders from the other of the plurality of
wearable-transponders;
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wherein each of the plurality of wearable-transponders

CoOmprises:

a recerve antenna configured to receive, in the first
frequency band, the first wireless electromagnetic
signal,

a low-noise amplifier coupled to the receirve antenna,

an 1ntermediate frequency stage coupled to the output
of the low noise amplifier, wherein the intermediate
stage mixes the first wireless electromagnetic signal
recerved by the receive antenna to produce one or
more ntermediate frequency electromagnetic sig-
nals to enable intermediate frequency processing of
the one or more intermediate frequency electromag-
netic signals,

a frequency shift stage coupled to the intermediate
frequency stage, wherein the frequency shiit stage
mixes the processed one or more itermediate elec-
tromagnetic signals to produce the second wireless
clectromagnetics signal, and

a transmit antenna configured to transmit, 1 a second
frequency band, the second wireless electromagnet-
ics signal, and

a recerver for detecting the first and second wireless

clectromagnetic signals, wherein the receiver 1s con-

figured, based upon detection of the first and second
wireless electromagnetic signals, to provide an output
of location information for at least one of the plurality

ol wearable-transponders.

2. The system of claim 1, wheremn the first wireless
clectromagnetic signal comprises a frequency modulated
continuous wave, and the second wireless electromagnetic
signal comprises a Irequency-shifted version of the fre-
quency modulated continuous wave.

3. The system of claim 1, wherein the transmitter 1s
configured to transmit the first wireless electromagnetic
signal with a first signal frequency of between 200 MHz and
1000 MHz.

4. The system of claim 1, wherein the first frequency band
1s from 420 MHz to 430 MHz.

5. The system of claim 1, wherein the frequency shift
stage comprises an oscillator and a first mixer configured to
produce the second wireless electromagnetic signal.
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6. The system of claim 5, wherein to provide the base
frequency shift and the incremental frequency shiit such that
the incremental frequency shift 1s unique to each of the
plurality of wearable-transponders, the oscillator of each of
the plurality of wearable-transponders has a different fre-

quency relative to the oscillators of each of the others of the
plurality of wearable-transponders.

7. The system of claim 6, wherein the oscillator comprises
at least one oscillator adjustable to a plurality of difierent
frequencies.

8. The system of claim 1, wherein each of the plurality of
wearable-transponders 1s configured to emit the second
wireless electromagnetic signal with a second signal fre-
quency of between 200 MHz and 1000 MHz.

9. The system of claim 8, wherein the second wireless
clectromagnetic signal 1s transmitted 1n a second frequency
band between 435 MHz and 450 MHz.

10. The system of claim 9, wherein the first signal
frequency and the second signal frequency differ by at least
S5 MHz.

11. The system of claim 1, wherein the receiver includes
a plurality of antenna elements distributed across a three
dimensional volume of space, and the receiver 1s configured
to estimate a distance, a horizontal angle, and a vertical
angle between the receiver and a respective one of the
plurality of wearable-transponders based upon analysis of a
phase delay between the first wireless electromagnetic signal
and the second wireless electromagnetic signal as received
by the plurality of antenna elements.

12. The system of claim 11, wherein the receiver includes
a phased array antenna comprised of the plurality of antenna
clements.

13. The system of claim 11, wherein the receiver includes
a non-phased array antenna comprised of the plurality of
antenna elements, and the receiver 1s configured to sepa-
rately analyze the phase delay for each of the plurality of
antenna elements.

14. The system of claim 1, wherein the receiver includes
a display screen, and the output 1s a representative output on
the display screen showing the location of individual ones of
the plurality of wearable-transponders.
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